Simulation tools can provide valuable information for daylighting system design while optimization methods can determine feasible solutions from a number of uncertain design parameters. However, optimization methods allow for limited interactivity and only consider several performance criteria. Therefore, to utilize experts' domain knowledge, this research presents a rule-based expert system based on OpenStudio platform, which integrates daylighting and thermal simulations. The expert system can interpret and compare different design changes and options based on the pre-defined rules and simulation results, and can provide possible solutions in the case of failure to meet design performance criteria. The users can interactively provide alternative design options to the expert system for evaluation based on users' knowledge. The expert system can provide guidance to evaluate daylighting design.
INTRODUCTION
The design metrics (e.g., daylighting and thermal metrics) need to be measured during the design of a daylighting system to evaluate the effectiveness of the design parameters for the specific daylighting system. Parameters considered in the design of a daylighting system may include, for example, window dimensions and position, glazing transmittance, and overhang dimensions. Various computer-aided daylighting design tools were developed to optimize these design parameters (Crawley et al. 2001; Hu and Olbina 2012; Reinhart and Wienold 2011) . However, some problems still exist. For example, these tools did not effectively utilize designers' knowledge although designers have an important role in the design of daylighting systems. Optimization techniques were integrated into some design tools to optimize design parameters. However, designers cannot simply accept the design calculated by these optimization programs because the optimization programs rely on only a few design metrics. Another problem is that the parametric design method may require a long time to calculate design metrics.
Instead of solely relying on the parametric design scheme, a better approach may be the one that combines optimization methods with designers' domain knowledge in order to better utilize designers' knowledge. Thus, some expert systems were developed to utilize experts' knowledge about a specific domain that was encoded in an algorithm or a compute system (Guo et al. 1993; Jung et al. 2003) . The expert system uses inference rules usually expressed as If-Then statements and fires chain of rules to calculate results (Gonzalez and Dankel 1993) . Some of the rules were used for selection of lighting system (Jung et al. 2003) or adjusting the design goals (Gagne et al. 2011; Jung et al. 2003) . Recently Gagne et al. (2011) , developed an interactive expert system using Lightsolve Viewer (LSV) simulation engine for lighting simulations. LSV formulated a part of the knowledge base of the expert system. A designer can interactively adjust some facade parameters (e.g., window position, window dimension) by using fuzzy rules of the expert system. The problem was that if a designer changes design parameters lighting and energy simulations had to be conducted again to provide simulation results. In addition, existing expert systems did not provide information about the impact of design parameters on the daylighting and thermal performance. The problem with the rule expressions in some expert systems is that they do not provide sufficient information for adjusting daylighting parameters.
Therefore, the aim of this research was to develop a framework of the rule based expert system based on simulation data. The expert system could help designers to design window dimensions and location, glazing types, overhang dimensions and location. The research objectives were to: (1) develop a user interface that could interacts with designers; (2) develop set of rules for the expert system; and (3) develop a workflow of daylighting and energy simulations from which the knowledge can be derived and stored in the database.
MODEL DEVELOPMENT
The overall structure of the expert system shown in Figure 1 includes two main modules: the user interface and the expert system engine. The user interface was implemented in the SketchUp/OpenStudio platform, and used for user input and for demonstrating results returned from the expert system. The returned results would be 3D distributions of the illuminance, daylight autonomy (DA) (Nabil and Mardaljevic 2006) , and window heat gain/loss. DA denotes a percentage of occupied times of a year when the minimum required illuminance level (500 lx in this research) at a point in a space is provided by daylight only. The figures can be generated by Python Matplotlib (Hunter et al. 2012) .
The module of the expert system engine includes two submodules: knowledge database and rule inference engine. The knowledge database stores information of simulation results generated by daylighting and energy simulations as well as user input. The rule inference engine includes three rule sets that are used to create and modify information stored in the knowledge database.
The module of the expert system engine was mainly implemented in CLIPS and Python. CLIPS was used for the rule execution and Python was used to control simulations and generate input files. EnergyPlus and Radiance can be used for energy and daylighting simulations to create the knowledge database. The simulation results would be translated to the knowledge representation format recognized by CLIPS.
Three rule sets were developed (see Figure 1 ). The rule set 1 is to select an appropriate base building model with simulated data from the knowledge database. These data will be used by the rule sets 2 and 3 to evaluate the impact of the change of design parameters on the daylighting (e.g., DA) and thermal (e.g., window heat gain/loss) performance. Then 3D distributions of daylighting levels and 3D distributions of window heat gain/loss can be generated by comparing the userdefined model with the base building model selected by the rule set 1. The data are stored in the knowledge database and can be retrieved by the rule engines during the execution. The data needed by the three rule sets include the daylighting and thermal performance of base building models and building parameters. These data should be generated by EnergyPlus and Radiance beforehand so that the user can reduce the simulation time. 
User Interface
The user interface module includes four steps (see Figure 1 ). In Step 1, the user needs to create a building model using SketchUp plugin and OpenStudio. The parameters of the building model include the building form, and thermal and daylighting properties of materials. The thermal properties should be in accordance with the ASHRAE standards. The typical building parameters have been integrated into OpenStudio. Some other parameters such as dimensions and location of shading systems have to be determined by designers. The aim of the expert system is to help designers to optimize design parameters of these shading systems.
In
Step 2, designers should input daylighting design parameters through the user interface developed in SketchUp by using OpenStudio (see Figure 2) . The input data provided by users will be used by the rule inference engine and knowledge database. The user interface includes six items:
(1) Sensor density (distance between sensor points); (2) Design metric (three possible options are: daylighting, energy, and daylighting and energy); (3) Sky type (four possible options of sky models are: CIE overcast, CIE clear, CIE intermediate, and typical actual sky from weather file); (4) Time period (the time periods that can be used for daylighting simulations are: a particular time of a day, one day, or whole year); (5) Design parameter (daylighting design parameter that should be optimized are: glazing transmittance; window dimensions; window location; overhang width and overhand depth); (6) Parameter change (the maximum percentage of a change of the design parameter value in Item (5)).
In
Step 3, the expert system can provide 3D distribution figures showing how the different percentage changes of a design parameter (i.e., Menu item (5) in Figure  2 ) influence the design metric (i.e., Menu item (2) in Figure 2 ). An example of such a 3D figure is shown in Figure 3 , which was generated by Python Matplotlib allowing users to zoom and rotate the figure. The X axis represents the space width, the Y axis represents the space depth, and the Z axis represents the values of daylight autonomy at different sensor points.
Step 4, designers can make final decisions using both their own knowledge and the information provided by the expert system, and adjusts the design parameter specified in Menu item (5) in Figure 2 in SketchUp. For example, a designer may decide to change window glazing transmittance if the overall 3D distribution figure shows that the values of DA are too low.
Expert system engine: Knowledge database module
The knowledge database stores user input and pre-simulated data of energy (i.e., window heat gain/loss) and daylighting levels. The format of the pre-simulated data can be represented by Eq. (1). shading = design parameters of shading systems (e.g., window dimensions and position); energy = window heat gain/loss; daylighting = daylighting illuminance at sensor points.
The whole process of generating these simulation data and data representation in Eq. (1) includes four steps (see Figure 4) . In Step 1, most of the building model parameters will be defined (see Figure 4) . The parameters in Eq. (1) are discrete and thus different combinations of these discrete values could be selected. In Step 2, a number of sub-parameters of the shading will be setup. This would be introduced in the later part of this section. In Step 3, a number of different values of window-towall ratios (WWRs) will be selected: 30%, 50%, 60%, 70%, 80% and 90%. The energy data are less affected by the window location. For each building with the same WWR, two simulations would be conducted: one with glazing transmittance = 0.1 and one with glazing transmittance = 0.9. A linear interpolation technique can be used to estimate window heat gain/loss for other values of glazing transmittance. In Step 4, a number of base building models generated from Step 1 to Step 3 would be used for Radiance and EnergyPlus simulations to calculate the daylighting and energy metrics, respectively.
Figure 4. Process of generating pre-simulated data
Step 2 and part of Step 4 shown in Figure 4 are used to generate daylighting illuminance values for the different building models. The shading parameter in Step 2 includes sub-parameters (i.e., sensor point layout, window position and dimensions, glazing type, and overhang dimensions and location).
 Sensor point layout: The distance between the sensor points was set to 1m in both directions and the whole space was filled with sensor points.  Window position and dimensions: The wall surface was divided into a number of small patches so that a combination of several consecutive patches could be grouped into a single window. The daylighting simulation may calculate the daylighting illuminance due to each separate patch and thus the overall daylighting illuminance of a window system is the sum of illuminances due to these separate patches.  Glazing type: The glazing transmittance was set to 0.5. The illuminance changes in proportion to the change of glazing transmittance.  Overhang dimensions and location: The daylighting system has two possible options: with overhang and without overhang. If the overhang is not installed, a single daylighting simulation using Radiance is capable of generating the illuminance from each patch. If the overhang is installed, a number of coefficients ( , , ) C oR wW wH are generated first. Then the illuminance ( , , ) o p E oR wW wH at the sensor point due to a single patch P can be calculated using Eq. (2), and the illuminance E at sensor points due to the whole window consisting of patches from m to n can be calculated by Eq. (3 
Where oR = ratio of the overhang width to its length; wW = ratio of the distance between the center of patch p and the overhang edge (W2) to the overhang width (W1) (i.e., wW = W2/W1 in Figure 5) ; wH= ratio of the vertical distance from the center of patch p to the overhang to the overhang width (i.e., wH = H/W1 in Figure 5 ).
Figure 5. Elevation view of a patch and an overhang
Using Eqs. (2) and (3), pre-simulations would generate illuminance ( , , ) p E oR wW wH (i.e., illuminance due to each patch without overhang) and coefficient ( , , ) C oR wW wH . First, ( , , ) p E oR wW wH (without overhang) can be directly simulated by Radiance. Second, the calculation of ( , , ) C oR wW wH is affected by the overhang dimensions and patch location. Thus, selection of different combinations of parameters oR, wW, wH would require a large number of simulations in order to calculate ( , , ) C oR wW wH . To reduce the large number of simulations, this research uses a simplified method to calculate ( , , ) C oR wW wH by using a special window system (see Figure 6 ). The elevation view shows the 16 patches and an overhang represented by a solid black. There are four possible locations of the overhang as shown in Figure 6 . For each overhang location, the width of an overhang is set to several different values. In this way, a number of different values of oR, wW, wH can be generated for each patch by changing the overhang location and dimensions. In addition, illuminances ( , , ) o p E oR wW wH at the sensor points due to patch p will be calculated. Then ( , , ) C oR wW wH can be calculated using Eq. (2). In the case shown in Figure 6 , there are 16 ( , , ) C oR wW wH values for each patch and for each possible overhang dimensions and location. Three rules sets are used to extract information from knowledge database and conduct sensitivity analysis of the daylighting and energy performances of the user defined building model.
The first rule set is to select a base building model similar to the user defined building model (see Figure 7) . The selected base building model should have the same climate zone, similar building interior reflectance and a similar building location. If the building surface reflectance or the building location in the knowledge database is not the same as that in the user defined building model, a similar base building model with a minimal similarity index (S) should be selected. The similarity index is calculated by Eq. (4) 
Figure 7. The three rule sets
After the based building model is selected by the rule set 1, the energy and daylighting data in Eq. (1) will be retrieved from the knowledge database. The purpose of the rule set 2 is to calculate daylighting and energy metrics based on the selected base building model. The base building model may have different actual dimensions. Therefore, the first condition of the rule set 2 is to scale the user defined building model to match the width of the base building model (see Figure 7) . The second condition is to match the window surface area in the user defined model with the patches in the base building model. The third condition is the coefficients of each patch if an overhang is installed.
The purpose of the rule set 3 is to calculate the window heat gain/loss based on the base building model with a WWR value similar to the WWR of the user defined model. Thus, the first condition is WWR value of the user defined building model and the second condition is the glazing transmittance of the user defined model. The window glazing transmittance of the user defined model may not be equal to the glazing transmittance of the base building model. In this case, a linear interpolation technique can be used to derive the transmittances from 0.2 to 0.8 given the building model with transmittances 0.1 and 0.9.
The sensitivity data generated by the rule sets 2 and 3 are used to draw a 3D distribution figures of daylight illuminance, DA, and window heat gain/loss. These 3D figures may help designers to obtain a better understanding of the trend of the change of the illuminance, DA and energy use if the inputted Menu item (5) in Figure  2 changes within a percentage specified in Menu item (6) in Figure 2 . The final decision of how to optimize the design parameters is based on this information as well as designers' knowledge.
CONCLUSIONS
This research developed a framework of an expert system that can provide sensitivity analysis of the daylighting and energy performance metrics for different daylighting design parameters. When the design parameters fail to meet the performance requirement, the expert system can provide actions about how to improve performance. The expert system could provide a fast evaluation of daylighting system design parameters by utilizing the knowledge database.
Some limitations exist in this research. Only horizontal overhang was considered and thus other shading systems should be further analyzed. This research focused on the framework development of the expert system and implemented the user interface in the OpenStudio platform. The major part of the expert system has not been fully implemented yet. Thus, the future work includes implementing the full functionality of the expert system engine. The future research will focus on validating the accuracy of daylighting prediction, as well as conducting simulations to develop the knowledge database.
